Abstract-A novel photonic frequency-doubling up-converter is proposed and experimentally demonstrated with compensation of power fading after fiber transmission over 60 and 80 km and the spurious-free dynamic rang (SFDR) at 21.7GHz with 60 km fiber transmission is improved by more than 20 dB.
INTRODUCTION
ROF link has attracted significant interest in many applications, such as radar systems, intelligent transportation system and broadband wireless access network due to the advantages of wide bandwidths, low transmission loss, immunity to electromagnetic interference and flexible cabling [1] - [2] . Frequency conversion with long-haul fiber transmission between the base station (BS) and center station (CS) is one of the most essential parts in the ROF link，which is widely applied to the worldwide communications services as voice, video, data and advanced internet applications. However, for high frequency applications, there are many limitations of the microwave devices, such as the limited modulation bandwidths of the distributed feedback (DFB) laser diodes (below 10 GHz) in direct modulation and the external modulators (limited to 40 GHz) in external modulation [3] . Optical microwave mixing combined with frequency multiplication is an efficient way to solve this problem. One simple and common way to realize frequency-doubling and up-conversion is based on two intensity modulators through double-sideband (DSB) modulation [4] . A conventional frequency-doubling up-converter is illustrated in Fig.1 the minimum transmission point. MZM2 is driven by an intermediate-frequency (IF) signal and is biased at quadrature bias point. After detecting by a photodiode (PD), the frequency doubling up-conversion signal will be generated.
In the frequency doubling up-conversion transmission link, the DSB intensity modulation suffers from a power fading effect introduced by fiber dispersion. Many approaches have been proposed to solve this problem. A carrier phase-shifted DSB modulation technique based on a dual-parallel MachZehnder modulator (DPMZM) [6] and a dual-electrode MachZehnder modulator (DEMZM) [7] have been proposed, and the peak of the frequency response can be both shifted to any frequency by tuning the dc biases. A frequency mixer based on a dual-drive dual-parallel Mach-Zehnder modulator (DD-DPMZM) is proposed in [8] . By turning the biases suitably, the mixer can realize both the elimination of dispersioninduced power fading and the high conversion efficiency. The dispersion-induced power fading can also be compensated by changing the polarization state of the optical signal introduced to the polarization modulator (PolM) [9] .
In this paper, we propose combining the frequency doubling up-conversion and compensate the dispersioninduced power fading in one ROF link. In the proposed link, the LO signal is modulated onto the optical carrier through the MZM which is biased at the minimum transmission point, while the IF signal is injected into a DPMZM. By adjusting the dc biases of the DPMZM, the reasonable phase shift between the LO signal and the IF signal will be generated, and then the power fading in the certain frequency can be compensated.
II. PRINCIPLE 
There are three MZMs in a DPMZM, among them, MZM1 and MZM2 are two sub-MZMs and MZM3 is the parent MZM. MZM1 is driven by an IF signal and biased at the minimum transmission point. MZM2 has no driven signal and is biased at maximum transmission point. The optical field from MZM1 and MZM2 can be expressed as respectively
the phase difference between the MZM1 and MZM2 in the DPMZM is described as . 
The transfer function of an SMF with a length of L is given as H(j) =exp [j2L(-c) 2 /2], where 2 is the dispersion coefficient of the fiber. The optical field after transmission is given by
where nm and k satisfy 
The optical sidebands beat with each other in the PD. After detected in a PD, the current of the signal at the frequency of 2LO+IF can be written as Figure3. Spectrums of (a) the optical signal after DPMZM, (b) the optical signal after the SMF, (c) the electrical signal after the PD.
III. EXPERIMENTS AND RESULTS

A. Experiment Setup
The experimental setup is shown in Fig.1 and Fig.2 . For comparison, two contrast experiments are measured. In the conventional frequency-doubling up-conversion link, the same two MZMs (Oclaro SD-40) with a half-wave voltage of 5 V are cascaded to realize frequency up-conversion. A continuous-wave laser from a tunable laser (ID Photonics CoBriteDX4) with a wavelength of 1550 nm is sent to the first MZM. The LO and IF signals generated from two signal generators (Agilent E8257D) and (Agilent N9310A) are applied to the two MZMs respectively. And then an EDFA (Amonics AEDFA-PA-30) is used to amplify the modulated optical signal. After transmitting over dozens of kilometers SMF, the optical signal with a power of about 0 dBm is sent to a wideband PD (Finisar XPDV2120RA). The detected signal is then analyzed by a signal analyzer (Agilent N9030A). In the proposed link, we use a DPMZM modulator (Fujistu FTM7961EX) biased by three dc voltages to replace the second MZM as contrast to the conventional link.
B. Link Responses
First, the frequency responses with transmission distances of 60 km and 80 km of the two links are measured experimentally. In the experiment, the IF signal is fixed to 2.7 GHz for 60 km link and 2.5 GHz for 80 km link. The frequency of LO signal is tuned from 4.5 GHz to 11.5 GHz. The input powers of the IF and LO signals are 7dBm and 10dBm, respectively. The measured frequency responses of the conventional and proposed link are shown in Fig. 4 . In conventional link, the frequencies of 22.7 GHz in the 60 km link and 18.9 GHz in 80 km link suffer from serious power fading. In the proposed link, the power fading at desired working frequency can be eliminated by turning the bias of the DPMZM. As shown in Fig.4 , the power fading points in the 60 km and 80 km links are both compensated by setting the bias φ at about 90°. For comparison, the results have been normalized by the frequency responses. For both 60 km and 80 km links, there are about 40 dB improvements in the peak gain compared to conventional link.
Second, responses at certain frequency with different transmission lengths of 20 km, 40 km, 60 km and 80 km are measured respectively to evaluate the compensation performance of the proposed link. In the experiment, the IF and LO signals are fixed to 2.5 GHz and 8.2 GHz separately. In order to realize the best link gains, the biases φ are turn to about 20°, 45°, 70°, 90°, respectively. The experimental results are shown in the Fig.5 . For certain signals, within a certain range, the longer the transmission distance, the greater the compensation angle is and the more obvious the compensation take effect. The results agree well with the theoretical analysis.
C. SFDR
Finally, two-tone signals at frequencies of 2.695 and 2.705 GHz are used to test the linearity improvement via the proposed scheme while LO signal is at frequency of 9.5 GHz. The transmission length is set to 60 km and the optical input power to the PD keeps 0dBm. As shown in Fig.6 , the upconverted SFDR at 21.7 GHz of the proposed link is 90.6 dB•Hz 2/3 , which is 26.7 dB more than that of conventional link.
IV. CONCLUSION
A photonic frequency-doubling up-converter with compensation of chromatic-dispersion-induced power fading is proposed and experimentally demonstrated by using an MZM and a DPMZM. By adjusting the dc biases of the modulators, the proposed link can realize both the frequency-doubling upconverter and the compensation of power fading induced by the double-sideband modulation in certain frequency. And about 40 dB improvement in frequency response and 26.7 dB in SFDR at some certain frequencies and transmission lengths are experimentally demonstrated by using the proposed up- 
